Richtmyer-Meshkov (RM) instability is regarded as a central role for understanding the hydrodynamic processes involved in inertial confinement fusion, supersonic combustion and supernova explosion. Because of its academic implication and engineering applications, the RM instability has received much attention since it was proposed. As an important tool for studying RM instability, shock tube experiment on shock-fluid interface interaction has been widely adopted and great progress has been achieved in past decades. The generation of a shock wave, the formation of an initial interface and the diagnostic of flow field are the three elements for studying the RM instability experimentally. This review surveys the advances in experimental investigations of RM instability in shock tube environment. Originating from a simple configuration as a planar shock interacting with a simple perturbed interface, the experimental study of RM instability approaches more complex situations like a convergent shock with a simple interface, or a planar shock with a complex interface. It is then expected that the experimental study on the real circumstance may be realized by using a complex shock with a complex interface. Finally, we propose the following issues for future study: (1) evolution of the RM instability induced by cylindrically converging shock waves; (2) effect of the three dimensions on the RM instability; (3) interaction of perturbed shock wave with an initially uniform or perturbed interface; and (4) formation and mixing mechanism of the compressible turbulence in the final stage of the RM instability.
Introduction
The Richtmyer-Meshkov (RM) instability 1,2 develops when an initially perturbed interface separating two fluids of different properties is impulsively accelerated by a shock wave. It shows similarities with the Rayleigh-Taylor (RT) instability 3, 4 where initial perturbations at the interface grow and eventually evolve into a turbulent flow field through the transfer of potential to kinetic energy when the interface experiences a constant acceleration pointing from the heavier fluid to the lighter one. The RM instability is mainly governed by the production of baroclinic vorticity (!) which results from the misalignment of the pressure gradient (rp) associated with the shock wave and the density gradient (rq) of the material interface: D!=Dt ¼ ðr Â rpÞ= 2 . The perturbations grow linearly until their amplitudes become comparable to their wavelengths. Eventually, the interface develops into a turbulent mixing layer. The RM instability occurs on enormous scales in astrophysics, 5 on intermediate scales in combustion, 6 and on very small scales in inertial confinement fusion (ICF). 7 In ICF experiments, for example, compressed by a spherically converging shock wave, a fusion reaction will occur only when the density and temperature of the thermonuclear fuel contained in a capsule are enhanced beyond the critical values. Since it is nearly impossible to obtain a perfectly spherical converging shock wave and the capsule surface always contains small-amplitude, high-wave-number manufacturing imperfections, when the shock wave passes through the solid capsule, the RM instability induced by shock wave will promote the mixing of the shell material with the fuel, which will possibly cause the failure of the fusion reaction. Therefore, the RM instability becomes increasingly attractive since it was proposed and several comprehensive reviews on the RM instability have been made. [8] [9] [10] [11] Currently, four methods are used to experimentally investigate the RM instability: laser-induced inertial confinement fusion, electromagnetic sleeve inner explosion, explosive-driven metal material and shock-accelerating fluid interface. Due to the massive cost, long period and diagnostic difficulty, it is nearly impossible to obtain sufficient and reliable results in a short period using the former three methods. Instead, the shock tube provides controllable experimental conditions for performing the experiments of shock-accelerating fluid interface, and has advantages in studying RM instability of gaseous interface separating different fluids. In shock tube environment, the experiment of a shock wave interacting with a gaseous interface contains three ingredients, including the generation of a shock wave, the formation of an initial interface separating two fluids and the visualization of the flow field. The shock wave and fluid interface provide, respectively, the pressure and density gradients which are two primary requisites for vorticity generation. Therefore, the shapes of initial interface and shock wave will determine the perturbation development. In most applications, such as ICF, both the shock wave and interface are initially disturbed. However, in previous work, for simplicity, majority of experiments, numerical simulations and theoretical analyses assume that the initial shock wave is uniform and the perturbation exists only on the initial interface. Starting from the simplest configuration -a planar shock interacting with a singlemode interface, the experimental study of RM instability is becoming more complex. Recently, complex situations like a convergent shock interacting with a simple interface, or a planar shock with a complex interface were realized. It is then expected that the experimental study on the real circumstance may be realized by using a complex shock with a complex interface. In this review, we will first survey the RM instability of a disturbed interface accelerated by a planar shock wave from the view of interface shape, and then the RM instability of a disturbed interface under converging shock wave conditions is considered. Finally, the interaction of a perturbed shock wave with a uniform interface is briefly discussed.
Interaction of a planar shock wave with a fluid interface
The planar shock wave is one of the most fundamental and simplest ways to generate an impulsive acceleration, and the configuration of the planar shock wave with an initially perturbed interface is generally used in most previous RM instability studies. In order to investigate the development pattern of interface, different types of interface perturbation, such as single-mode or multi-mode perturbations, are involved. We will introduce the RM instability of various interfaces, mainly including single-mode inhomogeneity, spherical and cylindrical inhomogeneity, polygonal inhomogeneity, subjected to a planar shock wave in experiments.
Two-dimensional single-mode interface
Two-dimensional (2D) single-mode interface is widely investigated for its convenience in theoretical analysis. In pioneering work, Richtmyer 1 theoretically analyzed the development of a sinusoidal light/heavy and heavy/light (classified by the fluid density at each side of the interface) gaseous interface, and it was concluded that the interface is always unstable both in the case of shock wave passage from the lighter gas to the heavier one and in the case from the opposite direction, which is different from the RT instability where the interface is unstable only when the lighter fluid accelerates the heavier one. As an original experimental validation, a single-mode interface was realized 2 where 1 mm-thick nitrocellulose film was adopted to separate the two different gases. With the aid of the gravity, the lighter gas was fed into the section from above while the heavier one from below. In this way, a discontinuous interface with a nearly sinusoidal shape was generated and several combinations of gases were involved. The experimental results confirmed the theoretical prediction made by Richtmyer that the interface perturbation grows linearly with time in the first approximation. However, the disagreement of the perturbation growth rate between the experiment and theoretical estimation exceeded 10%. Meshkov thought that the film separating the gases may be one of the possible reasons resulting in this diversity although he considered that the film does not affect the dynamics of the phenomenon significantly.
To diminish the membrane influence, in the following studies, 0.5 mm-thick nitrocellulose film was used by Brouillette and Sturtevant 12, 13 and late by Vetter and Sturtevant 14 to form the interfaces. The latter used a wire mesh, installed between the shock tube and the test section, to support the membrane. The effects of wire mesh and membrane on the growth rate were examined by placing the wire mesh downstream of the membrane, and it was shown that the effect of membrane is significant during the early stage of evolution. However, when the perturbations reach relatively large amplitudes and the growth of the turbulent mixing zone becomes fully nonlinear, it has negligible effects and, consequently, the results agreed with the analytical predictions. This viewpoint was also proved in the experiment conducted by Erez et al. 15 where a single-mode large-amplitude initial perturbation and a small amplitude random-mode initial perturbation were considered. Further investigation on the effects of wire mesh and membrane on the growth rate of single-mode interface was performed by Prasad et al. 16 They concluded that the wire mesh and membrane have opposite effects on growth rates, i.e. the membrane fragments tend to suppress the mixing process while the wire mesh enhances it. The similar technique to Prasad et al. 16 was also adopted by Kumer et al. 17 in a conical geometry to illustrate the effects of area convergence. To study the bubble and spike evolutions and the bubble competition process, a single-mode perturbation and an initial two-bubble shape perturbation were, respectively, generated using a 0.1 mm-thick nitrocellulosic membrane by Sadot et al. 18 The membrane was stretched over thin copper wires mounted at different positions across the shock tube and the magnitude of the initial perturbation was large compared to the thickness of the membrane to minimize the membrane effect. The evolution of bubble and spike with different wavelengths was presented in Figure 1 , and the evolution of the bubble and spike tips in experiment was well predicted by the impulsive model, especially for the bubble front. In these methods, the membrane fragments often incorporate into the flow field, hindering the flow visualization and potentially influencing the instability evolution. Moreover, the initial growth rates of perturbation created by this method are noticeably less than the predictions from the impulsive model. 1 It is known that the development of interface instability is very sensitive to the initial conditions. Uncertainty of the initial condition of the interface in experiment will also bring about difficulties to validate the numerical schemes and theoretical models. However, the initial interface conditions were rarely accurately measured. Mariani et al. 19 proposed an original method to produce highly accurate initial conditions where stereolithography was introduced to design the membrane supports. Specifically, a thin nitrocellulosic membrane was deposited on a stereolithographed grid support, computer-aided designed and constructed with chosen shape and dimensions. In this way, the initial flow conditions can be accurately controlled. The RM instability of this highly accurate initial interface was investigated in the context of shock tube experiment with laser sheet diagnostics, and the results, as shown in Figure 2 , were in very good agreement with theory and simulations for the heavy/light case, but quickly deviated from them in the light/heavy configuration probably due to the membrane influence.
In most papers published, the initial flows were almost treated as a uniform flow field. However, it was found in many experiments that the initial flow state has effect on the evolution of interface instability to some extent. For investigating the influence of nonuniformity of the initial flow state on the interface instability, Bai et al. 20 carried out an experiment in a horizontal shock tube where a nonuniform flow field is exerted on an air/SF 6 interface with dual-mode sinusoidal perturbations. In order to generate a Figure 2. Evolution of a stereolithographed single-mode interface accelerated by a shock wave using laser sheet imaging technique for the air/SF 6 case with Grid 1 (a) and 2 (b) perturbations, and the air/helium case with Grid 1 (c) and 2 (d) perturbations. Time intervals for the air/helium and air/SF 6 are approximately 300 and 800 ms, respectively. 19 nonuniform flow field, in their experiment, two holes were opened at the top and bottom of the test section and the SF 6 gas was injected into the test section from the lower hole and exited from the upper hole with a small velocity to maintain a constant pressure. Due to the gas diffusion effect, a nonuniform flow field with a large proportion of SF 6 gas in the lower test section was formed. The dual-mode sinusoidal interface between air and SF 6 was constructed by a nitrocellulosic membrane, and its evolution is given in Figure 3 . Variation of perturbation amplitude with time was obtained at different planes, and compared with theoretical predictions from some models. The results indicated that the models which can well estimate the perturbation growth in uniform flow field do not provide a good prediction of perturbation growth in nonuniform flow field any more. Besides, in uniform flow field, the perturbation amplitude will always be larger for a larger initial amplitude. It is, however, not the case in nonuniform flow field in which the perturbation amplitude with a small initial amplitude will exceed that with a large initial amplitude. As a result, they argued that the flow filed non-uniformity has a significant effect on the interface instability.
In original RM instability experiments, the singlemode interface was generally created by the polymeric membrane with the support of mesh. The fragments of the polymeric membrane after shock impact unavoidably influence the flow field. In order to eliminate the membrane effect, an innovative technique was developed by Jacobs and Sheeley 22 to suddenly accelerate a two-liquid system. In their experiments, two liquids with different densities were contained in a Plexiglas tank which was installed to a linear rail system, and the motion of the rail was restrained in the vertical direction. Through mildly oscillating the tank in the horizontal direction, a sinusoidal perturbation will be placed on the initial interface. The initial growth rates were measured and found to be significantly less than those predicted by Richtmyer's impulsive theory, which was attributed to the finite duration of the acceleration pulse given to the container. Further, a theory was developed for estimating the growth rate of the amplitude by regarding the latetime evolution of the instability as a row of vortices. However, this model underestimates the late-time growth rate although the growth curves given by this model share the similar shapes as measured. This interface formation method was subsequently adopted and modified by Niederhaus and Jacobs, 21 enabling the tank system to produce arbitrary movements. Moreover, clearer images of the evolving interface, as indicated in Figure 4 for an initially sinusoidal perturbation with a small amplitude, were captured by the planar laser induced fluorescence (PLIF). Good agreement is achieved between the amplitude measurements and the linear theory for small amplitudes with a difference less than 10%. The discrete vortex model developed by Jacobs and Sheeley 22 and the model of Sadot et al. 18 were also adopted to calculate the amplitudes in the nonlinear regime. The values predicted by these two models show a reasonable agreement with the amplitude measurements till a non-dimensional time of 30 and then deviate greatly from the measured ones. Such incompressible experiments provide some merits for the investigation of RM instability compared with the shock tube experiments. For example, a sharp well-defined membraneless interface between two fluids can be generated in Figure 3 . Schlieren photography pictures of a nonuniform air/ SF 6 interface with dual-mode sinusoidal perturbation impacted by a shock wave. 20 these experiments, while it is currently unrealizable in shock tube experiments. Moreover, the non-dimensional times obtained in such experiments are four times larger than the time span of shock tube experiments, which is beneficial to verifying the numerical codes or nonlinear models. In the experiment of Brouillette and Sturtevant, 12, 13 a continuous interface was also generated by retracting a plate between two different gases. A thin stainless steel plate was inserted into the shock tube originally and retracted out of the shock tube after the requirement of the test gas was achieved. Then the gases came in direct contact and started to diffuse into each other. The interface thickness depended on the amount of time elapsed between the end of plate retraction and shock arrival at the interface. This technique was also used by Bonazza and Sturtevant 23 to generate an initial interface with single-mode or multi-mode perturbations in a vertical shock tube. The results of these experiments were limited by the fact that the initial perturbation is uncontrolled, non-uniform and often unrepeatable. The interfaces created are also very diffuse, having thicknesses equalling or even exceeding the perturbation wavelength, which significantly slows down the instability growth.
A novel technique of interface formation was developed by Jones and Jacobs 25 in a vertical shock tube, in which the interface was generated by flowing light and heavy gases from opposite sides of the shock tube-driven section. The gases met in the shock tube test section and were allowed to exit through slots in the side wall, leaving behind a flat motionless interface. An initial disturbance with sinusoidal shape was achieved by gently oscillating the shock tube at a prescribed frequency in the horizontal direction. In this way, a membraneless, relatively thin interface with a particular well-defined initial perturbation was produced. This method eliminates the membrane influence, and the initial growth rate obtained in such experiments agreed well with linear and weakly nonlinear theories. In this work, the dense fog seeding was utilized for flow visualization, which allowed large-scale effects to be observed, but was incapable of resolving smaller-scale features. Similar interface formation technique was further adopted by Collins and Jacobs 24 to create an air/SF 6 interface, and PLIF visualization was used for yielding very clear digital images of the flow, as shown in Figure 5 . The growth rates measured from these experiments at early times were found to be in excellent agreement with incompressible linear stability theory. Good agreements were also found between the late-time amplitude measurements and the nonlinear models of Zhang and Sohn 26 and Sadot et al.
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Three-dimensional single-mode interface
The interfacial instability is intrinsically a threedimensional (3D) phenomenon. Recently, the 3D RM instability has gained increasing attention owing to its more practical nature. However, due to the difficulties in experimental realization and theoretical analysis, only a few 3D configurations such as the 3D random-perturbed and the single-mode cases have been treated experimentally and theoretically. [27] [28] [29] [30] [31] Previous studies indicated that the evolution of perturbation with 3D features differs from that of perturbation with 2D features. When the directions of the principal curvatures are the same, the perturbation growth rate in 3D flows is larger than that in 2D flows. Otherwise, the perturbation growth rate in 3D flows is smaller than that in 2D flows. 32, 33 As pointed out by Krechetnikov, 34 the effect of interface curvatures on the 3D RM instability remains ambiguous, especially the stability characteristics of a surface which has two principal curvatures (in the transverse and the longitudinal directions) are not fully understood yet. It is therefore of fundamental interest to investigate the 3D effect on perturbation growth rate.
To generate an incompressible, miscible liquid with a 3D single-mode initial perturbation, the apparatus of Niederhaus and Jacobs 21 was modified by Chapman and Jacobs. 29 In the modification, the original rectangular tank was replaced by a square tank which was mounted to the sled rotated 45 from the orientation of the rectangular tank. In this way, the oscillations were directed along the tank's diagonal and can generate a 3D single-mode perturbation. The experimental images revealed that in the 3D experiments, a vorticity pattern develops in the form Figure 5 . A series of PLIF images of the instability resulting from shock accelerating single-mode interface. The numbers indicate the time after the shock impact. 24 of an array of vortex rings which should travel at a constant velocity at late-time yielding a constant growth rate, while in the 2D flows a stationary row of line vortices is observed. The 3D amplitude growth shows a significantly greater nonlinear feature, which is also different from the 2D results, and this feature results in agreement with the linear stability theory to a dimensionless time later than that has been observed in 2D experiments. This characteristic of the 3D flows may yield disagreement of the experimental growth rate at late times with the prediction from existing models 18, 35 because of their 1/t late-time dependence. Nevertheless, the correct late-time dependence of the growth rate for the 3D flows has not yet been proposed.
For generating a 3D single-mode interface separating different gases, the basic device, originally adopted to produce a 2D single-mode membraneless interface in a vertical shock tube, 24, 25, 36 was slightly modified. 30 Exactly speaking, 3D standing waves were produced using vertical oscillation of the gas column within the shock tube at a proper frequency. The evolving process of 3D air/SF 6 interface impulsively accelerated by a weak shock wave was captured by planar Mie scattering. Again, the results showed that the experimental measurements of the late time instability development disagreed with the existing late time models, which have a 1/t dependence. Further, the authors pointed out that the results suggest a t
À0.54
late time dependence for the overall growth rate, a t
À1
late time dependence for bubble and a t À0.38 late time dependence for spike.
In the work of Bouzgarrou et al., 37 ,38 a thin nitrocellulosic membrane trapped between two squaremeshed grids was adopted to separate two different gases, and 3D initial perturbations were introduced by the upper grid. The development of turbulent mixing zone induced by RM instability was investigated by coupled laser Doppler velocimetry, time-resolved Schlieren images and pressure histories. Based on these techniques, the effects of grids and the membrane fragments on the surplus of turbulence intensity were highlighted. The results showed that statistical convergence cannot be achieved when the fragments entered the region of interest, even though hundreds of identical experiments were superimposed. As a result, measurement location was important for obtaining the velocity field. For some specific locations, the velocity measurements after reflected shock were obtained, and the results revealed the input of new energy to the flow by the reflected shock.
However, there is still a scarcity of experimental studies on 3D RM instability. A great difficulty encountered to such experiments is to form a welldefined initial interface. More recently, an innovative method to generate a 3D sharp gaseous interface with a minimum-surface feature by the soap film technique was proposed, 32 with which the RM instability of an air/SF 6 interface was studied experimentally and an extended linear theory was proposed. Without any supporting mesh, the initial condition of interface can be well controlled. Due to the minimum-surface feature, the interface formed has a zero mean curvature, which differs from the interface adopted in literatures. 28, 29, 30, 39, 40 In this study, 32 the shocked 3D single-mode air/SF 6 interface presents a distinctively evolving behavior. Specifically, the growth rate of the interface at the symmetry plane is 40% slower than the prediction of former 2D impulsive models at the linear stage, which is attributed to the opposite principal curvatures of the minimum surface. The perturbation growth tends to be inhibited by the opposite pressure gradients and baroclinic vorticity excited by the opposite principal curvatures. Moreover, similar method to previous work 32 was adopted to generate a 3D single-mode SF 6 /air interface with minimum surface feature, and the evolution of 3D interface impacted by a single shock wave was captured. 33 A bubble-like structure, which was still unresolved, was observed behind the shocked interface, as indicated in Figure 6 . The instability at the symmetry plane evolves much slower than the prediction of 2D linear model, but matches the extended 3D linear and nonlinear models accounting for the curvature effects. Therefore, it was claimed by the authors that the opposite curvatures of 3D interface are beneficial to suppressing the instability growth.
Spherical gaseous interface
The spherical interface is a fundamental configuration for studying RM instability because the angle of the shock wave with the bubble surface ranges from 0 to 180
. The pioneering experimental investigations on the evolution of shock-accelerated curved interfaces have been performed by Markstein 41, 42 and Rudinger, 43 who studied the interaction of a shock wave with a flame front having a nearly spherical shape. The effect of the shock wave on the volumetric rate of burning was quantified. Markstein 42 showed that the combustion was greatly enhanced after an initially curved flame surface was accelerated by a shock wave, because the curved flame surfaces underwent heavy distortions and significant vorticity was produced in the flow field.
The soap bubble is the simplest way for preparing a spherical interface between two gases of different densities. Due to the surface tension effect, the pressure difference exists inside and outside the bubble. However, this pressure difference can be neglected in most cases and the soap bubble can maintain its shape spherically. The spherical soap bubble (filled with argon or helium) held in position by a ring of very thin wire was generated by Davy et al. 44 to study the refraction and diffraction of a wave across the bubble. The bubble had a diameter matching that of the wire ring and, therefore, different rings would be needed for soap bubbles with varied diameters.
This experimental technique has the advantage of a sharp interface between the bubble gas and the surrounding fluids. However, the thermodynamic gradients within the bubble are unknown. 45 Using the spark discharge and the jet techniques, hydrogen, helium and SF 6 bubbles in air were, respectively, generated by Rudinger and Somer. 45 They observed that the gas bubbles do not exactly follow the surrounding gas, but move faster or slower depending on whether the density of bubble gas is smaller or larger than that of the main flow. The difference between the bubble and the main flow was ascribed to the formation of the vortex which absorbs part of the energy of the relative motion. They proposed a simple model to estimate the relative velocity of shocked bubble and the theoretical predictions matched well with the experimental results.
Haas and Sturtevant 46 used the soap film to form the gas bubble (helium and R22 bubbles) where the bubble film was made of Plateau's soap solution.
The thickness of the bubble varied from 0.25 mm to 1.0 mm, depending on the conditions such as the gas density. The helium bubble with a nearly spherical shape flowed up from the holder in the shock tube while the R22 bubble with an elongated shape because of its high density hung down from the holder. The classic experimental results of the evolution of the wave pattern and bubble deformation were recorded by shadowgraph photography. They found that the shock passing through the interior just focuses inside a heavy bubble while it diverges inside a light bubble. Wave configurations estimated by geometrical acoustics, including the effects of reflection, refraction, and diffraction, were analyzed and compared with the observed flow field. After the shock acceleration, in the helium case, a primary vortex ring was developed and split off from the main structure. In the R22 case, an outward jet moving downward was a prominent feature. The velocities of shock waves and interface were compared with the predictions from models.
Layes et al. [48] [49] [50] [51] first used the high-speed shadowgraph imaging to record the evolving process of a bubble filled with different gases during a single test run. A vortex ring was generated for a helium bubble while an inward jet was observed for a krypton bubble. The results revealed that for all cases they studied, at late stages, the shocked bubble moves at an invariable speed and the streamwise dimension of the bubble evolves at an invariable rate. With a higher frame rate, the shock-bubble interaction was investigated by Zhai et al. 52 The movements of the shocks inside and outside the volume were recorded, and the formation of an outward jet in SF 6 bubble was considered to be induced by high pressures generated due to shock focusing in the vicinity of the downstream boundary. In addition, through comparing the shock velocity among experiments, computations and theoretical predictions, they concluded that the gas contamination of the test gas by ambient gas is significant, especially for the light gaseous bubble. This spherical gas bubble formation method mentioned above is simple and easy to operate, and can provide a discontinuous interface that separates different fluids. However, the breakup of the soap film will disturb the flow and may result in undesirable secondary effects on the flow. The holder, supporting the gas bubble, also affects the wave motions and the interface development, especially for the interface near the holder. For eliminating the influence of the holder, a new experimental setup was developed by Ranjan et al. 53 in their vertical shock tube. A soap bubble was created with a stainless steel injection system by first displacing any nitrogen in the injector with experimental gas, then placing a layer of soap film on the tip of the bubble injector, and finally, using a pneumatic cylinder of prescribed volume to blow a gas bubble. Thus, a free-falling, spherical, soap film bubble was generated. This technique removes the effect of the holder and ensures the purity of experimental gas inside the bubble. Besides, the laser-sheet technique was employed and the soap droplets produced from the shock impact can be used as tracer. As a result, the interface evolves more symmetrically and the detailed interface structures can be obtained. Ranjan et al. 47 ,53 also considered the compressible effect on the interface evolution, and found that after the strong shock impact, obviously secondary vortex rings, as indicated in Figure 7 , will generate due to the secondary vorticity generation. The results also showed that even under strong shock conditions, the shocked bubble reaches an invariable translational velocity at late stages, as concluded by Layes et al. 48, 49 This method was further modified and used widely in the research group in the University of Wisconsin. 10, [54] [55] [56] Besides a single shock wave impact, the bubble evolution under re-shock condition is also attractive and important. Si et al. 57 considered the effect of reflected distance on the evolution of SF 6 and helium bubbles. The prominent feature of the helium bubble after re-shock acceleration is the generation of secondary vortex ring, which finally moves along the reflected wall, as shown in Figure 8 . For an SF 6 bubble, an upward jet is induced at the upstream interface after re-shock impact for a small reflected distance, while many small vortical structures instead at upstream interface for a large reflected distance. Similar methods of interface formation and flow diagnostics to Ranjan et al. 53 were adopted by Haehn et al. 55 to investigate the bubble deformation after initial shock wave impact and re-shock acceleration. A model was proposed to predict circulation deposition under re-shock condition based on the fact that a quiescent flow is satisfied behind the reshock. Moreover, the velocity filed after re-shock was acquired using particle image velocimetry (PIV) method. 56 The results also showed that the intensity of vortex ring after re-shock is proportional to the initial shock strength and the initial Atwood number. 58 
Cylindrical gaseous interface
Shock-cylinder interaction is also one of the most fundamental configurations to investigate the shock accelerated inhomogeneous flow. 10 After the shock impact, the cylinder is first compressed and then deforms due to the vorticity deposition. In general, a vortex pair will appear in the flow field at intermediate times, and as the instability evolves, turbulence arises eventually. 59, 60 In earlier studies, the test gas was enclosed in the cylindrical volume by a nitrocellulose membrane wrapped on Pyrex windows. 46 This technique created a slight overpressure in the cavity which stretched the membrane into the cylindrical shape. The shock behaviors of focusing and diverging inside the volume were analyzed. It was observed that a pair of vortices that moves faster than the surrounding fluid is generated for helium cylinder after shock impact. Note that gas leakage and diffusion will perturb the properties of tested gas and surrounding gas nearby although this influence is limited and does not vary substantially from run to run. Again, the presence of the support structure and the membrane will affect the wave motion and the interface evolution.
A round laminar jet was first used by Jacobs 61, 62 to produce the membraneless gas cylinder in a horizontal shock tube. Depending on the density of the gas, the light (heavy) jet enters the shock tube test section vertically upward (downward) from one side and emits from the other, leaving a gas cylinder in the test section. This method can produce a membraneless, diffused interface without the support or mesh between different fluids, which is convenient to investigate the shock accelerated inhomogeneous flow with the aid of laser sheet technique. These improvements not only result in a higher quality of flow image, but also allow for obtaining quantitative information, such as velocity and vorticity fields. The results showed that the helium gas cylinder diffuses so heavily that the velocity of the helium gas cylinder in experiment deviates substantially from the theoretical prediction. By using PLIF technique, Tomkins et al. 59 first experimentally measured the mixing rate between gases in a shocked membraneless gas cylinder, as shown in Figure 9 , while the mixing rate cannot be obtained through measuring the overall interface mixing width. Besides the gaseous cylinder with circular cross section, the gaseous cylinder of an elliptic section with different ratios of length to width was studied. [63] [64] [65] [66] It was found that the gas cylinder evolves faster when the dimension in streamwise direction is larger, and secondary vortex pairs even occur at late stages due to more vorticity generated along the ellipse interface. Furthermore, the vortex velocities obtained using PIV technique were well predicted by the classic theoretical model. 45 The shock accelerated inhomogeneous flow is very sensitive to initial conditions. For the continuous cylinder formed by jet technique, due to the gaseous diffusion effect, exact initial conditions, such as gas concentration at the measuring plane, are often difficult to be determined. 68 Besides, additional particles which are added into flow field for visualization also have an adverse effect on the flow evolution. 69, 70 The shortcomings of the continuous cylinder can partially be overcome by discontinuous cylinder, generally created using a thin film or membrane. Specifically, the gas contamination across the interface is inhibited and the density distribution of the discontinuous cylinder can be controlled to some extent. However, the support to confine the membrane often introduces adverse effects on the cylinder evolution. Also, fragments of the shocked film or membrane could bring about unavoidable influences due to the energy absorbed by the fragments. 71 Consequently, there is still a great challenge of generating well-controlled cylinders with weak influences in experiments. In recent work, a novel soap film technique was realized to create a discontinuous, well-defined gaseous cylinder without support or mesh, 72 and the development of the cylinder impinged by a plane shock wave was visualized by high-speed schlieren photography. It was reported that they obtained more symmetrical 67 Figure 9 . Variation of concentration maps (mass fraction, upper two rows) and spatial maps of the mixing rate (scalar dissipation rate, lower two rows) of heavy gas with time. Flow direction is from top to bottom. 59 evolving images with less disturbance waves, which demonstrates the priority of this method to form the gas cylinder. Moreover, a nonlinear model was proposed to predict the velocity of the shocked cylinder, considering the additional acceleration induced by rarefaction waves, and the theoretical values coincided well with the experimental counterparts. Besides a 2D gaseous cylinder, this method was also used to produce 3D gaseous cylinders with a convex or concave curvature through monitoring the pressure inside the volume. Figure 10 presents the comparison of schlieren sequences showing the interaction of a shock wave with a 2D helium cylinder and a 3D helium cylinder with minimum surface feature. One can observe that the interface curvature has a large influence on interface morphology.
As an extension to the single-cylinder configuration, Tomkins et al. 73, 74 created two gaseous cylinders with different spacings and investigated the interaction of a weak shock wave with the two cylinders using Mie scattering technique. The results indicated that the flow morphology is sensitive to the cylinder spacing. When the spacing is relatively large, two cylinders evolve independently, while, as the spacing decreases, the interaction of two cylinders becomes stronger and the interface morphology behaves as an elliptic gas cylinder. Further, three gaseous cylinders with different arrangements were generated by Kumar et al. 75 and they found that the number and arrangement of the cylinder will influence the shock-induced mixing in terms of the generation of interfacial area. They concluded that the specific stretching rate exponent, rather than the integral mixing width, is a good evaluation of the effect of the initial condition on flow mixing. With the same number and the same arrangement of cylinder, Kumar et al. 76 observed four different flow morphologies, which were considered to be influenced by small perturbations on the initial interface. They also concluded that more complicated flow will occur as the number of cylinder in spanwise direction increases owing to the increased vortical interactions.
The gas curtain can be considered as the distribution of multiple, closely spaced gas cylinders in spanwise direction, and, therefore, the flow of gas curtain will be more complicated than that of gas cylinder. An SF 6 gas curtain was generated by Jacobs 78 and the flow field after shock impact was visualized by PLIF. Three diversified flow features were observed, in which an upstream or a downstream mushroom structure or even no mushroom structure may appear. These flow features were found to be closely associated with the initial interface conditions. 79 Moreover, Rightley et al. 80 found that besides the three diversified flow features observed in the experiment of Jacobs, 78 the compatibility of three diversified flow features was also observed. The velocity and vorticity fields after shock accelerating SF 6 gas curtain were obtained using PIV technique by Prestridge et al., 81 and the tracing fidelity of glycol particles has been confirmed through comparing the glycol particles and SF 6 concentration distributions. In their following experiment, 82 variations of circulation and interface width of SF 6 gas curtain during the nonlinear stage were first investigated, and a good agreement with the nonlinear model proposed by Jacobs was reached. Orlicz et al. 77 used PLIF technique to acquire concentration maps of SF 6 before shock impact and at various times thereafter, as demonstrated in Figure 11 , and discussed the effect of shock strength on the instability development of SF 6 gas curtain. They deemed that the effects of shock strength were mainly represented by amounts of compression and vorticity deposition, as well as the difference of shock refraction and reflection at the interface. Besides, the results indicated that the variation of integral mixing width against the dimensionless time scaling collapses for the two cases. However, measurements of mixing rate exhibited differences between the two Mach number experiments, even when plotted with the same time scaling adopted to collapse integral width growth rate. More experiments on gas curtain have been performed by the group of Prestridge in Los Alamos National Laboratory.
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Polygonal gaseous interface
In the experimental study on shock-interface interaction, spherical or cylindrical gaseous bubbles, and single-mode interface are the most common interface types while other interface types are rarely under consideration. Bakhrakh et al. 86 considered the case of a 2D disturbance with a complex shape ('saw' and 'step', as sketched in Figure 12(a) and (b) ). In their experiments, the measuring section of the shock tube consisted of butt-joined units. A thin organic film was placed at joints between the units which were filled with gases of various densities. The joints (and thus the interfaces between the gases) were specially shaped to obtain a certain shape of the initial interface perturbation. The development of the initial perturbations of the interface was recorded by means of the shadow-image equipment, and the effect of initial amplitude on growth rate has been studied. The results indicated that the growth rate of the perturbation amplitude strongly depends on the interface shape, but this dependence flattens as the initial amplitude increases. Similar solution was adopted in the experiment conducted by Bashurov et al., 87 where two types of initial interface perturbations like 'saw' and 'step' were considered.
In the experiments conducted by Cowperthwaite et al., 88 two perturbations, a rectangular notch facing upstream and a shallow circular bump facing downstream, as sketched in Figure 12 (c) and (d), were examined. Both experiments used fine wire meshes to support and profile the membranes.
The shock-induced instability of perturbation was recorded by laser sheet interrogation, and the experiment with a plane membrane with no additional perturbation was also conducted for comparison. Moreover, the double-bump, trapezoid and chevron, and inverse chevron profiled interfaces, as schematically described in Figure 12 (e) to (h), were produced by Holder et al., 89 Smith et al. 90 and Holder et al. 91 in their experiments, respectively. The seeded SF 6 region was constrained with microfilm membranes supported on fine meshes. The double-bump perturbation (2D) on the downstream membrane was achieved by the use of profiled test cell components and additional transverse wires. An enlarged perturbation was introduced to improve the quality and repeatability of the results from earlier experiments using a smaller amplitude that evidenced some degree of unrepeatability. 92 In the experimental work of Bates et al., 94 a rectangular block of SF 6 was generated by microfilm technique. The gases were separated through the profiled windows, tube wall and fine wire meshes supporting microfilm membranes. There was no membrane on the horizontal interface between air and SF 6 , since this interface was formed by virtue of the differing densities of the two gases. The wire mesh and the fragment of the membrane will affect the shock motion and interface development. Moreover, drainage hole required in the base of the experimental domain to remove excess gas from the test cell will have an effect on the mid-to-late time evolution. The time-evolving features in experiment were acquired by means of laser sheet illumination of the seeded SF 6 gas, and the quantitative geometric scales were compared with the counterparts from numerical simulation, and good agreement was reached. Recent work by Wang et al. 95 used the thin pins to restrict the soap film interface to form various polygonal interfaces, such as square, triangular, diamond volumes. Specifically, thin pins were used as angular vertexes to connect the adjacent sides of polygonal soap films to remove the pressure singularities around the vertexes caused by the surface tension. The angle between the two adjacent soap films, , must satisfy the requirement of 5 120 , or a new film will be formed between the two adjacent soap films until the demand is met. For different types of polygon, varied amounts of thin pins at the corner are needed. Specifically, only one pin is needed when the corner angle 5 120 , while at least three pins must be used when the corner angle < 60
. For an intermediate corner angle (60 4 < 120 ), two pins are employed. They claimed that the presence of thin pins only has limited effects on the interface evolution and can even be ignored at the very early stage after a careful examination. As a verified work, Wang et al. 95 experimentally and numerically compared the evolution of three heavy polygons (SF 6 polygon surrounded by air) including a square, a triangle and a diamond after a planar shock impact. Both the wave pattern and interface morphology coincided well with each other, verifying the method proposed. Further, in the work of Zhai et al., 93 three different polygons, including a square, a triangle and a diamond, were created to isolate nitrogen from SF 6 . The wave patterns and the development of these polygons subjected to a planar shock wave were captured by high-speed schlieren photography, as shown in Figure 13 , and a transition process between irregular refractions was confirmed in experiments. Moreover, six kinds of polygon were generated to separate SF 6 from ambient air, and the wave patterns and interface morphologies were also discussed and compared. 96 This technique can in principle generate any polygonal interface, not only for RM instability study, but also for shock refraction study.
An inclined interface can provide great conveniences for the shock refraction study because the incident angle remains the same along the interface edge. Extensive studies on a planar shock refracting over an inclined interface have been performed with the emphasis on the wave pattern. [98] [99] [100] However, the investigation on the evolution of an inclined interface impacted by a shock wave is insufficient. In experiments, an inclined interface was created by organic films 86 or a nitrocellulose membrane with a support. 101 Unfortunately, the pieces of the membrane and the support could have adverse effects on the flow evolution. Recently, a series of studies on the RM instability of an inclined interface have been performed by McFarland et al. [102] [103] [104] [105] [106] [107] using numerical, theoretical and experimental methods. The effects of the initial shock strength, gas pair, angle of inclination and re-shock on the interface evolution were highlighted. In their numerical results, a scaling method for the interface mixing width was proposed 102 and the scaled data showed that a regime change occurs in the mixing width growth rate near an inclination angle of 80 which corresponds to the transition from a linear to a nonlinear initial perturbation in their interpretation. 103 In their experiments, the shock tube was tilted with respect to gravity, and the interface was created by co-flowing the heavy and light gases from the bottom and top of the tube. The first known detailed experiments on the RM instability of an inclined interface were conducted using Mie scattering and PIV. 105 However, the baroclinic vorticity deposition and resulted perturbation growth were affected by smaller density gradient because of the gas diffusion. In order to generate a discontinuous inclined interface without supports, a soap film technique was extended by Luo et al. 97, 108 to form a 'V' shaped interface which is equivalent to an inclined interface with perfectly reflecting side walls. The unfavorable effects of support in membrane technique and diffusivity in membraneless technique can be largely reduced. Figure 14 presents the development of RM instability of 'V' shaped interfaces captured by high-speed schlieren photography, and the effect of the initial amplitude-wavelength ratio on the perturbation growth rate was discussed. The conclusion that the perturbation growth rate is a non-monotonicity function of initial amplitude-wavelength ratio was verified in experiment for the first time. The growth rates in linear and nonlinear phases measured from experiments were compared with predictions from the models, and the models were found to be effective when a reduction factor was adopted.
Interaction of a converging shock wave with a gaseous interface Due to the extremely high pressure and temperature achieved at the focus, and extensive applications in ICF and astrophysics, converging shock waves received much attention in past decades. Moreover, generating a perfectly converging shock and investigating its interaction with a gaseous interface are important and attractive issues.
Compared with the planar shock wave, a perfectly converging shock wave is difficult to generate because it is easily disturbed. Perry and Kantrowitz 110 first generated a cylindrically converging shock wave using a horizontal annular shock tube with a coaxial tear-drop-shaped inner core. This method is applicable only when the shock wave is weak. Later, a vertical annular coaxial shock tube was developed by the group of Takayama 111, 112 and was gradually improved to observe uniformly shaped toroidal shock waves. 113, 114 Subsequently, interaction of a cylindrically converging shock wave with a cylindrical soap bubble filled with different gases was investigated by Hosseini and Takayama 113 using holographic interferometry. The group of Apazidis built a different shock tube with a conically shaped test section to study converging shock waves. [115] [116] [117] Moreover, in a 2D wedge geometry a gas lens technique was proposed by Dimotakis and Samtaney 118 to generate a converging shock wave and the characteristic of the shock tube was further generalized. 119 The principle of this method is to create a cylindrical transmitted shock wave through a planar shock wave refracting at a light/heavy interface with a specific shape. Although this method can generate a perfectly cylindrically converging shock in theory, a well-designed interface must be installed before each experimental run, which will greatly increase the complexity of the experiments. Therefore, no experiments regarding the RM instability have been conducted in this shock tube until 10 years later, Biamino et al. 109 preliminarily investigated the interaction of the converging shock wave with a sinusoidally perturbed SF 6 /air interface in this shock tube, as shown in Figure 15 , exhibiting the potential of this converging geometry for studying RM instability experiment. However, due to the complexities of the experiments, little quantitative information of the flow field was extracted.
According to shock dynamics theory, a curved wall with a specific shape was designed by Zhai et al. 120, 124 in an ordinary shock tube to transform a planar shock wave into a cylindrical one, as shown in Figure 16 . Great potential of this shock tube facility was revealed through performing RM instability experiments. 121, 125, 126 Quantitative results indicated that the converging shock wave promotes the turbulent mixing formation. Based on the principle of annular coaxial vertical diaphragmless shock tube, 113 a similar annular coaxial vertical diaphragmless shock tube with improved interface formation method and flow diagnostic technique was constructed, 122 and the evolution of polygons impacted by cylindrically converging shock wave and its re-shock from center was captured in experiments using laser sheet technique, as indicated in Figure 17 for an octagon. It was indicated that the evolution of different polygons under cylindrical shock condition is heavily dependent upon the initial conditions such as the interface shapes and the shock features, revealing great convergence effects. The previous studies indicated that the annular shock tubes can successfully produce complete converging shock waves, while the ordinary shock tubes with a wedge test section seem more suitable for studying the RM instability because of their simplified structures. However, due to the limited apex angle of the converging geometry, the wedge boundaries often have significant influence on the evolution of the interface deformation and the shock propagation. To overcome these shortcomings, a semi-annular shock tube that combines the advantageous features of the above-mentioned two types of facilities was realized by Luo et al. 123 The design of this shock tube followed the similar principle of an annular configuration, but the annular channel and the test section were cut into half and assembled in a self-strutted manner. In this way, the semi-annular configuration brings great convenience for interface formation and flow visualization, which are considered to be the two crucial ingredients in RM instability experiments. In this converging shock tube, the interaction of cylindrically converging shock wave with a sinusoidally perturbed air/SF 6 interface was performed, as shown in Figure 18 , which demonstrates the great potential of this facility for studying cylindrically converging RM instability. Figure 17 . Evolution of the octagon interface impacted by a cylindrically converging shock and the reflected shock using laser sheet technique. The time interval between two consecutive frames is 16 ms. The initial interface is strengthened in frame 1 by dashed lines. Figure 18 . Sequence of schlieren images displaying the evolution of the shock propagation and the interface deformation. The time interval between two consecutive frames is about 11.43 ms. 
Interaction of a non-uniform shock wave with a gaseous interface
In most previous RM instability experiments, a uniform shock wave for generating pressure gradient and an initially perturbed interface for providing density gradient are generally involved. In such 'standard RM instability' experiments, the magnitude of the pressure gradient induced by shock wave can be regarded as constant. The occurrence of RM instability is realized by changing the direction of density gradient, i.e. the initial interface shape. As the counterpart of a perturbed interface interacting with a uniform shock, the RM instability will also occur when a nonuniform shock wave collides with a uniform interface. In such experiments, it is considered that the occurrence of RM instability is realized by changing the pressure gradient. The differences between these two cases are still unknown. Actually, nonuniform shock waves widely exist in many scientific fields, such as ICF where the rippled shock wave is generated by the nonuniform laser irradiation. However, the interaction of a rippled shock wave with a uniform or nonuniform interface is rarely investigated in shock tube environment.
Numerically, Ishizaki et al. 127 considered the stability of a uniform interface accelerated by a nonuniform shock wave, in which the nonuniform shock wave was generated by a perturbed piston that moves with a constant velocity. They concluded that the uniform contact surface is also unstable after the nonuniform shock wave impact, and the growth rate depends sensitively upon the phase of the oscillating shock wave at the time when the shock strikes the interface. Further, they found that properties of this stability exhibit differences from those of the standard RM instability in both the linear and nonlinear stages. Besides, the propagation of a rippled shock wave driven by nonuniform laser ablation was theoretically investigated, and analytical results agreed well with experimental data. 128 Kane et al. 129 successfully performed perturbation imprinting by an oscillating shock in the Omega laser experiment. In their work, a planar shock was perturbed by a sinusoidal perturbation at the first place, leading to an oscillating shock that imprints a perturbation at the second flat interface. The results indicated that perturbation growth on the flat interface is seeded by the passage of the rippled shock. The phase and amplitude of the imprinted perturbation on the second flat interface appear to be determined by the velocity perturbation of the shock.
Very recently, Zou et al. 130 reported an interesting experiment to consider the evolution of a nominally flat interface accelerated by a nonuniform shock wave. The nonuniform shock wave was generated by the diffraction of a planar shock wave propagating over a rigid cylinder in a vertical shock tube, and the initial flat interface was formed by a membraneless method. The features of rippled shock wave were obtained by high-speed schlieren photography and the interface morphology was captured by planar Mie scattering. Generally, one cavity and two interface steps on both sides of the cavity in interface were observed after the shock impact, as indicated in Figure 19 . Through equating the pre-interface perturbation of the rippled shock to the pre-shock perturbation of the perturbed interface, the growth rate of this instability was found to be much smaller than that of the standard RM instability in the linear stage. In other words, whether the initial perturbation exists on the shock front or on the interface has a great influence on the growth rate of perturbation.
Conclusions and perspectives
Over the past 30 years, significant progress has been made in experimental RM instability in shock tube environment, especially in aspects of interface formation and flow visualization, and the mechanism of instability development has been well understood to some extent. Starting from a simple configuration as a planar shock interacting with a simple perturbed interface, the experimental study of RM instability approaches more complex situations like a convergent shock with a simple interface, or a planar shock with a complex interface. It is then expected that experimental study on the real circumstance such as ICF may be realized by using a complex shock with a complex interface which involves complicated dynamic phenomena. However, many of them are still needed to be resolved in the future. First, a well-defined and controlled initial interface still needs consideration. In previous work, the membrane interface often relies on the supports or restrictions which will inevitably influence the interface evolution. The membrane droplets, on one hand, can be adopted as tracer particles, and on the other hand, will disturb the scattering of other particles. Moreover, the gases will penetrate through the membrane, resulting in the contamination of gases. How to weaken this diffusive effect should be considered. The membraneless interface removes the adverse effects of support and membrane fragments, and the related experiments can be performed by laser sheet technique. The shortcomings of the membraneless interface are the difficulties in quantitatively obtaining the density distribution near the interface, and in generating other interfaces except single-mode interface and cylindrical interface.
The second aspect is the flow diagnostic technique. The original methods such as shadowgraph and schlieren can clearly capture the shock behavior and interface development, but cannot obtain the quantitative information of the flow field and the interface. The details of flow can be acquired by laser sheet technique such as PIV and PLIF, which are mainly applied to membraneless interface. Moreover, it is difficult to combine the laser sheet technique with the high-speed technique, and therefore, the repeatability of experiments becomes necessary and important. Further the current flow diagnostic techniques are insufficient to capture the late-time evolution and turbulent mixing, and new techniques are desirable.
The third aspect is the generation of a shock wave. As the source of pressure gradient, the strength and shape of shock wave must be considered. Previously, a planar weak shock wave is often involved because strict requirements are needed for the safety of equipments and reliability of measuring system. The compressible effect is significant behind the strong shock, and it is necessary to investigate the flow instability induced by strong shock wave for understanding the mechanism of turbulent mixing formation. Besides, converging shock waves are often involved in applications, such as ICF, while few experiments regarding the converging shock wave interacting with a fluid interface were carried out because of the difficulties in generating the converging shock waves. During the converging shock interacting with a fluid interface, additional factors, such as Bell-Plesset effect 131, 132 and RT effect 3, 4 will greatly complicate the flow compared with planar conditions.
According to the review of RM instability in experiments, it is thought that the following topics should be addressed in near future. The first aspect is RM instability induced by converging shock waves. Since a nonuniform converging shock wave accelerating a corrugated material interface coincides well with the situation in ICF, generation and application of converging shock wave have become an important issue in RM instability studies. Due to the energy concentration and existence of additional factors, the flow instability induced by converging shock wave may exhibit new phenomena and characteristics. The second aspect is the RM instability of the 3D interface. Compared with the 2D case, the RM instability of the 3D interface will be influenced by additional vorticity induced by the third dimension added, and so far there is still scarcity of fully understanding the mechanism of the 3D interface evolution. Through the comprehensive investigation on RM instability of the 3D interface, the effect of interface curvature on the instability development will be illustrated, which will be beneficial to manipulating the RM instability by initially interfacial principal curvatures. Third, more attention should be paid to the RM instability of a perturbed initial interface accelerated by a rippled shock wave. As stated above, RM instability of a uniform interface impacted by a rippled shock wave differs from the standard RM instability. More difficulties will be encountered if the perturbation exists both on the initial shock wave and the initial interface, such as the performance and analysis of experiments. The diversity of phase difference between rippled shock wave and perturbed interface will further complicate the flow field. To better understand and finally control the RM instability process in ICF, it is crucial to carry out the experiments of a rippled shock wave interacting with a perturbed interface. At last, the formation and mixing mechanism of the compressible turbulence need further investigation in future.
